Background Humeral rotation often remains compromised after nonlateralized reverse shoulder arthroplasty (RSA). Reduced rotational moment arms and muscle slackening have been identified as possible reasons for this impairment. Although several clinical studies suggest lateralized RSA may increase rotation, it is unclear whether this is attributable to preservation of rotational moment arms and muscle pretension of the remaining rotator cuff. Questions/purposes The lateralized RSA was analyzed to determine whether (1) the rotational moment arms and (2) the origin-to-insertion distances of the teres minor and subscapularis can be preserved, and (3) their flexion and abduction moment arms are decreased. Methods Lateralized RSA using an 8-mm resin block under the glenosphere was performed on seven cadaveric shoulder specimens. Preimplantation and postimplantation CT scans were obtained to create three-dimensional shoulder surface models. Using these models, function-specific moment arms and origin-to-insertion distances of three segments of the subscapularis and teres minor muscles were calculated. Results The rotational moment arms remained unchanged for the middle and caudal subscapularis and teres minor segments in all tested positions (subscapularis, À16.1 mm versus À15.8 mm; teres minor, 15.9 mm versus 15.3 mm). The origin-to-insertion distances increased or remained unchanged in any muscle segment apart from the distal subscapularis segment at 0°abduction (139 mm versus 145 mm). The subscapularis and teres minor had increased flexion moment arms in abduction angles smaller than 60°(subscapularis, 2.7 mm versus 8.3 mm; teres minor, À6.6 mm versus 0.8 mm). Abduction moment arms decreased for all segments (subscapularis, 4 mm versus À11 mm; teres minor, À3.6 mm versus À19 mm). Conclusions After lateralized RSA, the subscapularis and teres minor maintained their length and rotational moment arms, their flexion forces were increased, and abduction capability decreased. Clinical Relevance Our findings could explain clinically improved rotation in lateralized RSA in comparison to nonlateralized RSA.
Introduction
Early reverse shoulder arthroplasties (RSAs) of the 1970s had rates of implant failure ranging from 15% to 35% The institution of one or more of the authors (SG, CS, CP, SH) received funding from the Robert-Mathys Research Foundation. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research editors and board members are on file with the publication and can be viewed on request. Clinical Orthopaedics and Related Research neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDA-approval status, of any drug or device prior to clinical use. Each author certifies that his or her institution approved or waived approval for the reporting of this case and that all investigations were conducted in conformity with ethical principles of research. Each author confirms that he has read and agrees with the contents of this revised manuscript. [8, 19, 23] . The essential structural changes made in the construction of the reverse shoulder prosthesis as introduced by Grammont and Baulot are (1) medialization of the center of rotation; (2) use of a larger ball on the glenoid component; (3) implementation of 155°nonanatomic humeral inclination; and (4) distalization of the deltoid insertion [14] . These changes result in an increased deltoid lever arm and reduced torque on the glenoid component owing to the position of the center of rotation at the prosthesis-bone interface [5] . Improved shoulder function and pain reduction at 2 to 5 years has been observed with the ''Grammont-type'' design [4, 9, 15, 29] , and survival at 10 years free of revision is reportedly 89% [10] . However, a decrease in patient function apparently occurs at 6 to 8 years followup [10, 26] and the rate of patients having a Constant-Murley score less than 30 is reportedly 72% at 10 years [10] . Although most patients show a major gain in active flexion and abduction [4, 6, 7, 10, 22, 25, 29] , active external and internal rotation often remains unchanged and can be reduced after the procedure [5, 15, 29] . Loss of active rotation of the shoulder limits the activities of daily living such as combing hair, dressing, bringing a full glass to the mouth, performing personal hygiene tasks, and controlling the spatial position of the arm [1, 2, 25] .
Function of the remaining rotator cuff is important for shoulder rotation and patient function. Although the teres minor and/or subscapularis muscle-tendon unit may be intact in patients with cuff tear arthropathy [1, 2, 25] , rotational capability after nonlateralized RSA remains limited regardless of the postoperative integrity of the teres minor and/or subscapularis muscle [7, 25] . Medialization of the rotational center may explain these findings, because it leads to major changes in the muscle pretensioning and rotational moment arms of the remaining rotator cuff [5] . We previously studied the changes in moment arms and origin-to-insertion distances of the teres minor and subscapularis in a three-dimensional (3-D) cadaveric CT scan model before and after nonlateralized RSA. We found decreases in rotational moment arms as much as 36% for the cranial segments of the subscapularis and 25% in all segments of the teres minor after implantation of the prosthesis. Moreover, the origin-to-insertion distance values were reduced by 7 mm to 20 mm at 15°and 30°a bduction [17] . These biomechanical disadvantages could be offset through lateralization of the center of rotation in RSA. One possible technique for lateralization of the center of rotation is the bony increased offset RSA technique with an autologous bone interposed between the glenoid and the glenosphere [3] . Moreover, specific implants with an increased offset intrinsic to the glenoid component could be used to achieve lateralization [9] . The degree of lateralization often can be varied depending on the glenosphere used with a maximum of as much as 10 mm. With both techniques, active rotation appears superior to that without lateralization [3, 21] . However, whether rotational moment arms and muscle pretension of the remaining rotator cuff are preserved with a lateralized RSA and therefore may help to improve rotation has not been evaluated so far. Lateralized RSA was analyzed to determine whether (1) the rotational moment arms and (2) the origin-toinsertion distances of the teres minor and subscapularis can be preserved, and (3) their flexion and abduction moment arms are decreased.
Materials and Methods
We tested seven fresh-frozen human shoulder specimens (mean age, 74 years; range, 61-82 years). Specimens having a history or showing signs of previous surgery, trauma, deformities, or severe osteoarthritis were not used. We used six right shoulders and one left shoulder. To evaluate possible changes in moment arms and origin-toinsertion distances, 3-D surface models were created from CT scans before and after lateralized RSA was performed. A mathematic script calculated function-specific moment arms for humeral rotation, flexion and extension, and abduction and adduction based on muscle-specific landmarks in the 3-D models.
In a previous study, rotational moment arms of the subscapularis and teres minor were calculated using the same method as in the current study on seven shoulder specimens [17] . Using this method, the rotational moment arms for the subscapularis and teres minor had a mean of 16 mm in native shoulders with a maximum SD of 2.8 mm. Based on the data obtained in this study, a power analysis was performed using SPSS SamplePower 3.0 (IBM, Armonk, NY, USA). Assuming an a error of 0.05 and a power of 0.80, it was anticipated that seven specimens would be required in each group to show a 4-mm difference, which represents a 25% change of the mean rotational moment arms. Alpha level correction was not considered in the sample size calculation.
The specimens were further prepared using a previously described protocol [17] . We identified bony landmarks necessary for analysis and marked them using radiopaque pins. Predefined marking of the bony landmarks included the center of the medial and lateral epicondyles of the elbow. We marked the teres minor using two pins at its insertion to the greater tuberosity and at its origin in the region of the lateral posterior rim of the scapula. We marked the subscapularis insertion area at the lesser tuberosity with two pins at its laminar origin at the scapula. Additional markers were inserted on the scapula side at the acromial, medial, and inferior angles. After preparation, we implanted a polycarbonate resin model of a reverse shoulder prosthesis (Mathys AG, Bettlach, Switzerland) in a standardized manner. This implant is equivalent to the company's reverse shoulder prosthesis model (Affinis Inverse1). The glenoid component had a diameter of 39 mm with no additional offset. The glenoid surface was reamed until punctual perforation of the subchondral bone was evident. Lateralization was achieved using an 8 9 39-mm resin block that was implanted between the baseplate of the glenosphere and the glenoid (Fig. 1 ). The block with the glenosphere was implanted to fit exactly at the inferior border of the glenoid. The humeral component consisted of a size 6 stem with a length of 110 mm and inclination angle of 155°. We set the humeral retroversion angle, as measured by the forearm axis, to 10°in all specimens.
We scanned specimens before and after implantation using a 64-detector row scanner with a slice thickness of 0.5 mm and a resolution of 512 9 512 pixels (Aquilion 64; Toshiba Medical Systems, Otawara, Japan). All CT examinations were performed at 120 kV and a maximum tube current of 400 mA. Using 3-D data visualization, analysis, and modeling software (AMIRA Version 5.2.0; Visage Imaging, Inc, San Diego, CA, USA), we determined the spatial position of all previously marked landmarks and 3-D models of the humerus and the scapula were created for each specimen. With the landmarks and the 3-D surface models, joint coordinate systems were defined in the scapula and the humerus according to the recommendations of the International Society of Biomechanics ( Fig. 1) [30] . According to these recommendations, the scapula coordinate system originates at the acromial angle and is defined by three bony, scapular landmarks. The coordinate system's x-axis points anteriorly (representing the abduction and adduction axis), the y-axis points cranially (representing the rotational axis), and the z-axis points laterally (representing the flexion and extension axis of the glenohumeral joint). The humeral coordinate system is defined by two bony landmarks-the medial and the lateral epicondyle and the center of the humeral head. The anatomic directions of the axes were equivalent to the coordinate system of the scapula. To determine the center of the humeral head, we fit a sphere into the computer model at the humeral articular surface using a least square fit algorithm [24] . Because these recommendations are applicable only for right shoulders, the one left shoulder used a mirrored protocol.
We defined function-specific moment arms using the anatomic axes of glenohumeral motion ranges. A positive moment arm relative to the scapular z-axis is associated with humeral flexion motion. Conversely, negative values are associated with extension motions. A negative moment arm with respect to the y-axis is associated with the muscle's capability to internally rotate the humerus, whereas positive values are associated with external rotation. Finally, positive values with respect to the x-axis indicate abduction capability and negative values indicate adduction potential. Humeral position was expressed relative to the coordinate system of the scapula.
We calculated all moment arms and origin-to-insertion distances using the 3-D, virtual model derived from the CT scans. All analyses were performed according to a previously described protocol [17] . First, the 0°(neutral) position was defined with the humeral and scapular coordinate systems in line. We performed virtual humeral abduction of 30°, 45°, and 60°to analyze a representative range of glenohumeral motion in this plane.
For moment arm calculation, the teres minor and subscapularis were represented by three segments, which were modeled as lines between the muscles' origin and insertion points (Fig. 1 ). We did not consider wrapping these muscles. Moment arms for abduction and adduction, flexion To align the humerus and scapula, two coordinate systems were defined (red lines, scapula coordinate system; white lines, humeral coordinate system). The subscapularis and teres minor are each represented by three lines (subscapularis, blue lines; teres minor, green lines). and extension, and external and internal rotation for three segments of each muscle were acquired using the origin-toinsertion method, as previously described [17, 18, 28] .
To calculate individual rotational moment arms, we determined the total moment arm and then multiplied that by the unit vector belonging to that specific rotation:
To obtain the moment arm for each rotation (l rot axis ), the calculated moment then is divided by the absolute value of the acting force:
Simplification of the formula allowed use of the unit vector of the acting force ũ instead of specific muscle forces. The moment arms therefore are dependent on the vector (r) pointing from the center of rotation to the point of muscle force application and the direction of the force (ũ).
We determined differences in rotational moment arms and origin-to-insertion distances between shoulders before and after implantation using the paired, two-sided t-test with Bonferroni correction for multiple comparisons. The same test was used to determine differences in flexion and extension and abduction and adduction moment arms. Normal distribution of tested parameters was confirmed using the Kolmogorov-Smirnov test. Statistical analysis was performed using SPSS Version 18 software (SPSS, Inc, Chicago, IL, USA), except the power analysis, which was performed using SPSS Sam-plePower 3.0 (IBM, Armonk, NY USA).
Results
The postimplantation calculated rotational moment arms of all subscapularis and teres minor segments were similar to their preimplantation values regardless of adjusted position (Fig. 2) .
Origin-to-insertion distances of both muscles remained unchanged or increased postimplantation in any tested position apart from the distal subscapularis segment at 0°a bduction. In this position, the origin-to-insertion distance decreased from 160 mm preimplantation to 145 mm postimplantation (p = 0.07). At 30°abduction the cranial subscapularis segment showed increased origin-to-insertion distance values (119 mm versus 134 mm; p = 0.5), whereas the other distal subscapularis and all teres minor segments had no major changes postimplantation. At 45°a nd 60°abduction, all segments had increased origin-toinsertion distance values. The maximum overall gain before versus after implantation occurred at 60°abduction. It was 17 mm for the subscapularis (cranial segment) and 13 mm for the teres minor (distal segment) ( Fig. 3) .
Calculated flexion moment arms of all subscapularis segments increased postimplantation in the 0°, 30°, and 45°p ositions. At 60°, only the cranial and middle segments had increased values, whereas the distal segments remained unchanged. Accordingly all segments of the teres minor showed increased flexion moment arms apart from the distal segment at 60°abduction. This increase is most pronounced at 0°for the distal subscapularis and teres minor segments (before versus after implantation: subscapularis, 12.8 mm versus 22.7 mm, p = 0.057; teres minor, À2.9 mm versus 5.4 mm, p = 0.44) ( Fig. 4 ). Both muscles had decreased abduction moment arms postimplantation except for the cranial subscapularis segment in 60°abduction. The cranial and middle subscapularis segments had positive values preoperatively, representing the abduction capability of these segments. Only the cranial segment had positive (abduction) moment arms at 45°a nd 60°postimplantation, whereas negative (adduction) moment arms were seen for all other segments. Therefore, there was loss of function of the subscapularis as an abductor in shoulder movement, whereas the adduction capability increased ( Fig. 5 ) (Supplemental materials are available with the online version of CORR 1 ).
Discussion
RSA for treatment of an irreparable rotator cuff tear in a patient with osteoarthritis generally improves flexion and abduction. In contrast, external and internal rotation remains compromised or even decreased after nonlateralized RSA [5, 25, 29] . Reduced rotational moment arms of the remaining rotator cuff in conjunction with decreased origin-to-insertion distances may be responsible for the functional impairment [17] . Recent clinical studies suggest lateralized RSA may improve active rotation in the presence of cuff tear arthropathy [3, 12, 27] . However, whether rotational moment arms and muscle pretension of the remaining rotator cuff are preserved in a lateralized RSA and therefore may help to improve rotation have not been evaluated so far. Therefore the lateralized RSA was analyzed to determine whether (1) the rotational moment arms and (2) the origin-to-insertion distances of the teres minor and subscapularis can be preserved, and (3) their flexion and abduction moment arms are decreased.
This study has some limitations. First, our specimens came from cadaveric specimens of individuals having no major deformity or cranialization of the humeral head as seen in patients with cuff tear arthropathy. Moment arms and origin-to-insertion distances may be different in specimens having rotator cuff arthropathy. However, the intraindividual approach comparing the moment arms and muscle length before and after implantation of the lateralized RSA reproducibly shows the changes resulting from the implant. Second, we used an in vitro and in silico approach based on 3-D models derived from CT scans. Although CT scans provide accurate data for modeling bony structures, muscle course and volume cannot be reproduced reliably. Therefore, muscles were represented using straight lines between the marked origin and insertion sites. Although data gathered using this method could differ owing to the simplicity of this model, the detected differences before and after inserting the implant are not likely to be affected substantially because muscle origin, insertion, and volume are not altered by the implant. Furthermore, preoperative moment arms calculated using the presented method are comparable to data from previous studies using other methods [11, 13] . Third, we used a 39-mm glenoid component in all specimens. Diameters of glenospheres on the market range from 32 mm to 44 mm. The 39-mm implant was chosen to represent average sizing. Although changes in moment arms and origin-toinsertion distances may be different with differing component sizes, our data show the average changes using standard implants. Fourth, we had no control group evaluating the investigated parameters in nonlateralized RSA. However, using the same method, these findings were described previously [17] , therefore allowing comparison to the current findings. Fifth, in powering the study we assumed a 25% change of the mean rotational moment arms would be clinically important although we are unaware of clinical data to support this assumption. However, our findings are consistent with the clinically observed improved rotation [3, 9, 27] . Our observations suggest lateralized RSA preserves rotational moment arms of the teres minor and the subscapularis (Fig. 2) . In contrast, in a previous study [17] analyzing the effect of nonlateralized RSA on rotational moment arms, there were decreases in the cranial and middle segments of the subscapularis in all positions. Additionally, the rotational moment arm of the teres minor was decreased in all segments at greater than 15°abduction [17] . These findings could help explain improved rotational function after lateralized RSA. In a recent study using a lateralized glenoid component, Valenti et al. reported a gain of 15°to 30°external rotation [27] . Internal rotation was increased by 1 point according to the Constant-Murley score [27] . Boileau et al. also reported increased postimplantation external rotation using the bony increased offset RSA technique [3] . Using this method, an autologous bone is interposed between the glenoid and the glenosphere, thus achieving lateralization of the center of rotation. They observed no signs of glenoid loosening or graft resorption at a mean of 28 months [3] . Cuff et al. reported a major increase in patients treated with the increased offset Encore1 Reverse Shoulder Prosthesis (DJO Surgical, Austin, TX, USA) [9] . Mulieri et al. reported an increase from 27°to 51°external rotation using the same implant in patients with irreparable rotator cuff tears without osteoarthritis [21] . However, these studies lacked control groups to confirm their findings compared with a nonlateralized RSA and lateralization carries the potential risk of higher implant-bone shear load using increased offset glenospheres or nonunion and graft resorption using bone grafting. Regardless, increased external rotation in lateralized RSA is obvious compared with nonlateralized clinical results. Our findings could explain this advantage of lateralized RSA, although other factors such as reduction of prosthetic impingement [16] and recruitment of posterior deltoid fibers [5] also may contribute.
Origin-to-insertion distances of the teres minor and subscapularis almost consistently remained unchanged or increased with abduction postimplantation (Fig. 3) . For the subscapularis, this is in contrast to the preoperative situation. The insertion of the subscapularis at the lesser tuberosity is in the anatomic situation at approximately the level of the center of rotation. Therefore, there is no major change of its origin-to-insertion distance during abduction. For the teres minor, in the anatomic situation, there is a major increase of origin-to-insertion distance with higher degrees of abduction. The reason is the insertion of the teres minor, which is caudal to the center of rotation in the 0°position and becomes more lateral during abduction. Because RSA always leads to (further) distalization of the insertion of the subscapularis and teres minor in relation to the center of rotation, a change of the origin-to-insertion distance during abduction cannot be prevented. In contrast, previously published data regarding the change of originto-insertion distance after nonlateralized RSA showed a decrease for the teres minor in 30°or less abduction and for the middle and distal segments of the subscapularis at 15°a bduction [17] . We found muscle tension was preserved with a lateralized RSA and the investigated amount of lengthening was not likely to hinder reconstruction nor lead to overtensioning of either of the muscles. Maintenance of muscle tension also might have a positive influence on rotational capability and capability to generate compressive forces.
The teres minor and subscapularis have abduction and adduction and flexion and extension capabilities in the native glenohumeral joint. Their balanced distribution in the AP (x) axis and their opposite positioning regarding the craniocaudal (y) axis results in the principle of concavity compression [20] . After a lateralized RSA, a major inferior shift of insertions of both muscles relative to the rotational center is seen. This results in loss of abduction and gain in flexion capabilities (Figs. 4, 5 ). However, comparison of the current data with previously published data using the same model for nonlateralized RSA [17] showed the decrease of abduction capability of both muscles is less in a lateralized RSA, whereas the gain in flexion capability remains comparable.
In contrast to a nonlateralized RSA, lateralization of the center of rotation is able to preserve rotational moment arms of the subscapularis and teres minor muscles and to maintain their muscle pretension. Changes in abduction and flexion capabilities of these muscles are reduced but cannot be completely avoided. These findings may partially explain the superior clinical results regarding rotational capability after lateralized RSA in comparison to nonlateralized RSA.
